At the crossroad between nutrient supply and requirements, the liver plays a central role in partitioning nitrogenous nutrients among tissues. The present review examines the utilisation of amino acids (AA) within the liver in various physiopathological states in mammals and how the fates of AA are regulated. AA uptake by the liver is generally driven by the net portal appearance of AA. This coordination is lost when demands by peripheral tissues is important (rapid growth or lactation), or when certain metabolic pathways within the liver become a priority (synthesis of acute-phase proteins). Data obtained in various species have shown that oxidation of AA and export protein synthesis usually responds to nutrient supply. Gluconeogenesis from AA is less dependent on hepatic delivery and the nature of nutrients supplied, and hormones like insulin are involved in the regulatory processes. Gluconeogenesis is regulated by nutritional factors very differently between mammals (glucose absorbed from the diet is important in single-stomached animals, while in carnivores, glucose from endogenous origin is key). The underlying mechanisms explaining how the liver adapts its AA utilisation to the body requirements are complex. The highly adaptable hepatic metabolism must be capable to deal with the various nutritional/physiological challenges that mammals have to face to maintain homeostasis. Whereas the liver responds generally to nutritional parameters in various physiological states occurring throughout life, other complex signalling pathways at systemic and tissue level (hormones, cytokines, nutrients, etc.) are involved additionally in specific physiological/nutritional states to prioritise certain metabolic pathways (pathological states or when nutritional requirements are uncovered).
Introduction
Whatever the species and objectives, coordinating nutrient supply and tissue requirements is a priority for nutritionists. This is especially true for animal production where a deficit or an excess of nutrients can lead to reduced efficiency of milk or meat production, or increased loss of nutrients into the environment as effluent (1 -3) . In either case, economic loss can be substantial for the farmer. Similarly, a balance between nutrient supply and requirement is desired in human nutrition, for example, to ensure optimal growth in premature infants, avoid muscle loss during ageing and cachexia, and prevent obesity (4 -6) . High metabolic activity of splanchnic tissues, chiefly the gastrointestinal tract and liver, is largely responsible for setting the maintenance of the whole-animal energy and protein requirements (3, 7, 8) . In ruminants, splanchnic tissues can account for about 50 % of energy expenditure, whereas they represent less than 10 % of whole-body protein mass (9) . Contributions close to those values have also been shown in single-stomached animals (10) . Among various metabolic events that use energy, protein synthesis and amino acid (AA) metabolism in general contribute greatly to overall energy expenditure (9, 11) . In addition, AA can be oxidised and used for energy in the portal-drained viscera (PDV) (12) and are used for gluconeogenesis in the liver and kidneys (13) .
The liver specifically represents a disproportionately high metabolic rate (25 % of whole-body energy expenditure and 4-15 % of protein synthesis) in relation to its small contribution to body protein mass (2 %) in mammals (9,14 -16) , which reflects its central role in maintenance of nutrient homeostasis (especially glucose and AA) (for a review, see Dardevet et al. (17) ). Associated with this high metabolic activity, the fate of nutrients such as AA is diverse due to numerous interconnected metabolic pathways. Because AA contain N and also a C skeleton, they can be used in situ for protein synthesis (export and constitutive proteins), gluconeogenesis, oxidation, ureagenesis, transamination and synthesis of specific molecules (peptides, nucleic acids, hormones, hippuric acid, etc.) (18) . Absolute and relative activities of each of these numerous pathways will determine nutrient availability to peripheral tissues (muscle, udder, embryo, etc.).
We have focused the review on nutritional regulation of anabolic fates of AA in protein synthesis and gluconeogenesis, i.e. following the C skeleton of AA. The liver also plays an important role in the regulation of plasma AA concentrations via AA catabolism, protein breakdown and ureagenesis (19) ; consequently, AA in excess are catabolised within the liver (20) , thus maintaining AA homeostasis. Full catabolism of AA into urea and CO 2 and its regulation have been extensively reviewed elsewhere (20 -22) . The present review will give a unique view of nutritional regulation of anabolic routes of hepatic protein synthesis and gluconeogenesis in mammals, combining data from ruminants and single-stomached animals, which is seldom done in the literature. This cross-species approach will help to explain how the liver's metabolic plasticity can maintain N homeostasis and how this is regulated.
Net hepatic uptake of amino acids by the liver

Technical issues
In human subjects, hepatic AA metabolism is generally explored indirectly via measurement of export protein synthesis which is often considered by authors as an index of total hepatic protein synthesis rate, even if this is not entirely correct as export protein synthesis does not necessarily reflect overall hepatic protein synthesis (see below). Another possibility is the measurement of splanchnic AA utilisation using both enteral and venous AA isotope infusion (4) . However, this does not allow the discrimination of specific hepatic metabolism. Direct in vivo hepatic metabolism is rarely measured and only in specific situations (i.e. when biopsies can be obtained) such as liver surgery (23, 24) . In animals, a direct in vivo assessment of hepatic utilisation of N can be obtained via the 'black box' approach (25) , i.e. by using multicatheterised animals to determine net hepatic uptake of N (AA, ammonia, urea, and sometimes peptides). This approach has been coupled to the infusion of labelled AA (using radioactive or stable isotopes) to better estimate the metabolic fate of AA within the splanchnic region (10) . These combined techniques have been used in single-stomached animals (26 -28) and ruminants (29 -32) and have provided an estimate of protein synthesis (total hepatic or export protein synthesis) as well as AA oxidation. Of course, and contrary to studies possible in human subjects, it is much easier to sample the liver after animals' euthanasia for direct measurement of hepatic protein synthesis (after labelled AA infusion) but this implies that repeated measurements on the same animal are not necessary.
How net amino acid hepatic uptake responds to supply and requirement: quantitative and qualitative data Quantity of amino acids taken up by the liver relative to the quantity released by the portal drained viscera. Net hepatic uptake of AA represents a substantial amount of net PDV AA release and is highly variable depending on the nature of AA (no more than 30 % for branched-chain amino acids (BCAA) and Lys and between 50 -80 % for the other essential amino acids (EAA) in ruminants and single-stomached animals in the fed state). The AA present in the portal vein and available for the liver have various origins: (i) recently absorbed AA from the gut lumen; (ii) non-essential amino acid (NEAA) synthesis in the gut; and (iii) recirculating AA coming from the mesenteric artery. To this must be added AA supplied to the liver via the hepatic artery. The use of enteral and venous infusion of labelled AA (see above) allows the determination of the hepatic extraction rate of AA from enteral (i.e. dietary) origin in catheterised pigs. The liver extraction rate of AA of enteral origin has been studied for threonine (33, 34) and represents about 10 % of the intragastrically infused tracer in pigs. As for net hepatic AA uptake, it can be hypothesised that this extraction rate depends on the studied AA.
The impact of hepatic metabolic activity is of variable importance on net hepatic uptake/release of AA when measured individually. As shown with data in ruminants, net hepatic AA removal is: 0-30 % for BCAA, . 50 % for Phe and Met, and 60 to .100 % for Ala, Gly and Gln (35 -37) . Data are fewer in pigs, but a similar variability in AA utilisation has also been observed (26, 38) . Consequently, along with the gut, the liver has the greatest impact on the AA profile released in the hepatic vein into systemic circulation (39) . Once these general quantitative observations are made, the second point that arises is: how does the liver respond to AA (and presumably to the supply of other nutrients) and potentially integrate the requirements in various physiological or pathological states?
When net amino acid hepatic uptake responds to net amino acid portal-drained viscera release. In the majority of studies in ruminants and single-stomached animals, EAA and total amino acid (TAA) net uptake by the liver is responsive to net AA influx (36,40 -44) . This is the case when food intake meets or is close to animals' requirements. However, there is still a debate on the mechanisms that regulate the hepatic response to this AA supply: is this dependent on AA concentration in the portal vein, or AA concentration in the artery, or overall AA influx to the liver (AA supply via artery and portal vein)? Extensive data obtained in multicatheterised ruminants can allow us to understand how AA supply to the liver can affect its net AA uptake. Results from our group combined with data taken from the literature were used to calculate net TAA hepatic uptake relative to several variables in growing or adult sheep (Fig. 1) . Fig. 1 shows that within each study when the supply is altered, the net hepatic uptake of AA increased as net PDV release of AA increased in ruminants. This was also suggested by Reynolds (25) and Lapierre et al. (39) and supports the concept that liver net AA uptake is responsive to AA supply by the portal vein. To assess this specific point, a compilation of the ratios between total hepatic uptake and net PDV release has been calculated from the literature using cattle (Table 1) . This table shows that in the majority of cases, and when 0·1  0·2  0·3  0·4  0·5  5  10  15  20  25  30  35  40  45   350  400 600 650  700  50  60  70  80  90  100 110  120 130 140  150   3·5  4·0  4·5  5·0  5·5  3·0  3·5  4·0  4·5  5·0  5·5 Arterial amino-N concentration (mM) Portal amino-N concentration (mM) the animals were fed at or above their requirement for energy and protein at their specific physiological state, the ratio between total hepatic uptake and net PDV release remained within the range 40-70 % and varied little within each study, despite alterations in dietary protein and energy supply. This suggests that uptake of AA by the liver is at least partially determined by the difference in AA concentration between the artery and portal vein. As for TAA, the hepatic uptake of four EAA (His, Met, Thr, Trp) is highly responsive to EAA influx to the liver (2, 45) , whereas BCAA and Lys hepatic extraction rates are very small whatever their influx (25, 46) . Only NEAA involved in inter-organ N and C cycling (Asn, Asp, Ala, Gln and Glu) present a hepatic uptake less responsive to influx (2, 45) . As presented below, gluconeogenesis serves as a significant sink for NEAA in carnivorous species (47) and when dietary AA are in excess (48) . Although a reasonable number of studies have been done on ruminants and allow calculations of relative contribution of liver net AA uptake to net PDV release, an exhaustive follow-up of net AA hepatic uptake and net PDV release of AA within the postprandial state in singlestomached animals has been done in very few studies. This could appear surprising; except for a few studies from the early 1990s carried out in single-stomached animals such as pigs and dogs (for example, Rérat (49) ), the great majority of the studies have targeted very specific research questions such as the gut, specific AA metabolism or physiological/pathological states (newborn pigs or sepsis, for instance). The transition from the fasted to the fed state and the analysis of the data of net AA uptake at the splanchnic level following meal ingestion in singlestomached animals, although basic, have not been investigated. Table 1 . Liver total amino acid-nitrogen (TAA-N) removal (%) relative to net portal-drained viscera (PDV) release in cattle using ratios calculated with the average net amino-nitrogen PDV release (mmol N/h) and hepatic amino-nitrogen uptake (mmol N/h) given by the authors* When the liver does not respond to supply. When nutrients are supplied within a physiological range and metabolic needs are met by this supply, the liver generally responds according to a 'concentration gradient' mechanism. Situations arise, however, where net hepatic uptake of AA seems to be unrelated to hepatic net AA supply. These situations are associated with elevated demands for AA in peripheral, digestive or hepatic tissues, such as occurs in ruminants during periods of very rapid growth or lactation (Table 1) , or during hypermetabolic sepsis as observed in rats and pigs when used as models for humans (26, 50, 51) . Data from cattle compiled in Table 1 show that at intake below N and energy requirements or in high-producing animals, the ratio between net hepatic uptake and net PDV release was below 40 % or above 70 % (for example, Reynolds (25) , Lapierre et al. (36) or Larsen & Kristensen (52) ; cited in Table 1 ), indicating that the difference in AA concentration between the artery and portal vein is not always straightforward or is not the only process involved in the regulation of the net hepatic uptake of AA. The majority of data concerning the effect of increased production rate comes from steers (with or without exogenous growth hormone) and lactating v. non-lactating cows. As shown in Table 1 , when demand for AA increased (i.e. from lactation or growth hormone administration), hepatic net AA removal (relative to net PDV release) decreased, probably via decreased AA oxidation within the liver, and this is associated with an increased transfer of AA to milk or muscle proteins and a relative lower transfer of ingested N into urea (53 -55) . This was also reported by Bush et al.
(56) in growth hormonetreated pigs where a decreased oxidation of Phe was observed. This phenomenon is enhanced when AA availability is low and the necessity to spare AA from hepatic metabolism important (for example, with low intake and/ or growth hormone administration; Reynolds et al. (53) ). The transition to lactation is also a good example of a modification of the net hepatic response to supply. For instance, ratios of net hepatic uptake to net PDV release (52) ( Table 1) in pre-and post-calving cows also show the extreme plasticity of hepatic uptake of AA, where the ratio ranges from 88 % before calving to 137 and 25 % after 4 and 15 d post-calving, respectively. The hepatic AA utilisation which was dramatically increased within the first few days after calving was a transitory phenomenon since this relative utilisation was strongly suppressed after 15 d. This corresponds to a transitory stimulation of metabolic pathways of AA utilisation within the liver just after calving (associated with homeostatic adaptation to the new physiological state and presumably a stimulated hormonal response) which is followed by a suppression of these pathways associated with an increased utilisation of AA by the mammary gland for milk production. It is clear that priority for AA utilisation switched from liver to other tissues (and presumably the mammary gland) quickly and in a matter of days. A similar pattern of change was observed by Doepel et al.
(57) (see Table 1 ).
Pathological situations can also induce specific alterations in hepatic AA uptake and metabolism. For instance, in hypermetabolic sepsis in pigs (26) , net hepatic uptake of EAA (and some NEAA) increased strongly due to their utilisation by the liver for the synthesis of export protein (particularly secreted proteins involved in the acutephase response; Vary & Kimball (50) ). Similarly, contribution of the liver to whole-body protein synthesis also increased in rats infected with Escherichia coli (51) . Consequently, in the case of disease, hepatic requirements for all AA increased for the synthesis of acute-phase proteins. Because Phe and sulfur-AA are relatively abundant in acute-phase proteins, hepatic requirement for these AA also increases (58) . Certain specific AA can also be considered as conditionally essential in hypermetabolic sepsis. For instance, those AA present a higher flux and pool depletion in acute disease: Cys (involved in the synthesis of taurine and glutathione); Arg (involved in NO synthesis, and its key role in the urea cycle); and Gln (increased catabolism via the urea cycle, transport of N from the periphery to viscera, glutathione synthesis, immune cell energy substrate) (51, 59) . Consequently, the relative contribution of the liver to overall AA utilisation varies considerably depending on nutritional supply and physiological state, and can be altered quickly. The rapidity of this response varies from a matter of hours in the postprandial state in singlestomached animals, to days as seen with homeorhetic modification in all species studied. This response enables the animal to respond to the varying demands and priorities of the body to sustain its integrity (acute-phase protein synthesis, glucose production, maintenance of AA plasma concentration within a physiological range, requirement of AA for milk or muscle production, etc.). This corresponds, within the liver, to strong variations of catabolic, but also anabolic fates of AA.
Hepatic protein synthesis
The majority of work dealing with hepatic protein synthesis has been done measuring synthesis rates of either total hepatic protein or albumin in single-stomached animals (60 -66) and ruminants (Connell et al. (67) , who measured both total hepatic protein and albumin synthesis in the same study). Albumin synthesis has been extensively studied for several reasons. First, albumin is quantitatively the most important plasma protein (30 and 50 % of total plasma proteins in ruminants and single-stomached animals, respectively (31, 32, 67, 68) ). Second, albumin is considered a biomarker of the nutritional state (63) and is easily accessible in human subjects. Despite this, it should be noted that not all hepatic proteins (including endogenous and other export proteins) react the same as albumin and kinetics of other plasma proteins respond differently to albumin (69 -72) . For instance, fibrinogen synthesis is not stimulated by feeding (60, 73) .
In ruminants, where contributions of AA taken up by the liver for export protein synthesis have been estimated, it should be remembered that the ratio of the extracted AA channelled into export protein synthesis is AA-dependent. These values vary between AA with greater than 50 % of BCAA and Lys net hepatic uptake directed towards export protein synthesis, whereas the contribution from Phe, which is also extensively oxidised within the liver, is 10-20 % (18,30 -32,67) .
Impact of food intake
Food intake stimulates overall hepatic protein synthesis in single-stomached animals (74) and ruminants (67) . This stimulation is especially marked in young animals (75, 76) and is mediated via a mammalian target of rapamycin (mTOR)-dependent process (77) . However, stimulation of protein synthesis by feeding alone cannot explain the high lability of liver protein content observed during food deprivation (16, 78, 79) . This suggests that the constitutive liver protein pool in catabolic states is primarily regulated by protein degradation (78, 80, 81) . Hepatic protein synthesis (measured as albumin synthesis) is also responsive to dietary protein intake (82) . Ingestion of protein, rather than that of other macronutrients, explains the variations in albumin synthesis induced by feeding or food restriction (64) . Increased protein supply, such as after a meal (83) , between 0 and 16 % protein content in the diet (84) or after dietary protein supplementation (subjects fed 63 to 125 % of the RDA for protein (85) ), clearly increased albumin fractional synthesis rate (þ56 % for Cayol et al. (84) ; þ11 to 20 % in younger and older individuals in the fed state for ThalackerMercer & Campbell (85) ). However, more subtle variations in dietary N or protein supply, or a long-term adaptation to diets with variable levels of protein, resulted in an attenuated or non-existent stimulation of albumin synthesis in human subjects (65) and ruminants (30 -32) . This apparent discrepancy between acute and long-term or subtle alteration of protein level can be explained by considering that in single-stomached animals, except for Cayol et al. (84) , albumin synthesis is not strongly altered by nutritional state in the fasted state (as shown by Thalacker-Mercer et al. (65) ; þ2 and 2 10 % for younger and older subjects in the fasted state and adapted to a diet supplying 63 and 125 % of the RDA for protein). In ruminants, albumin synthesis also varies in very contrasting nutritional conditions (for example, fasted v. fed state (67) ); however, in less contrasting nutritional conditions, the buffering capacity of the rumen moderates nutrient supply to the liver as well as diurnal variations of albumin synthesis. As an example, in a ruminant study carried out by our group, a variation of N supply from 31 % to 20 % of energy intake did not affect total export or synthesis of albumin. In this case, hepatic uptake of EAA decreased at low N intakes but albumin synthesis did not, suggesting that export protein synthesis was already at its maximum, and that export protein synthesis was prioritised relative to hepatic catabolism via oxidative pathways (30, 46) .
Effects of insulin and amino acids
Among the plethora of nutrients and hormones whose concentrations are altered after food ingestion, AA and insulin are essential for the regulation of protein metabolism in various tissues and organs including the liver and muscle in single-stomached animals (17,86 -88) . In ruminants, where the 'meal effect' of nutrient absorption is attenuated and glucose absorption is minor compared with singlestomached animals, insulin and AA have also been demonstrated to affect nutrient partitioning, and insulin sensitivity is modified by physiological status and nature of the diet (89, 90) . Because of this key role of AA and insulin on protein metabolism, their effects (taken together or separately) have been identified as the probable mediators of modulation of hepatic protein synthesis and breakdown by meal feeding (in single-stomached animals) and overall food supply or feeding level (in ruminants).
In the majority of studies in adult and young single-stomached animals and ruminants, insulin has no effect on total hepatic protein synthesis measured in vivo (66,91 -96) . Boirie et al. (97) , however, found a trend for decreased hepatic mitochondrial protein fractional synthesis rate after infusion of insulin in pigs. In contrast to Boirie et al. (97) other authors demonstrated either that insulin stimulated export protein synthesis with an increased albumin fractional synthesis rate in normal human subjects administered insulin (98, 99) , or decreased albumin fractional synthesis rate in insulin-deficient, diabetic patients (100, 101) . The effect of insulin on albumin production in vitro was equivocal, with either no effect (101) or a stimulatory effect similar to what was observed in vivo (102, 103) . In vitro studies also show that insulin may regulate albumin mRNA abundance and albumin synthesis by acting on various steps of mRNA translation (96, 103, 104) . Similarly to response to food intake, the synthesis of fibrinogen and other positive acute-phase proteins responds to insulin in vitro (101) and in vivo in the opposite direction to insulin's effect on albumin synthesis (98 -100) . Given that insulin does not seem to have direct effects on hepatic protein synthesis, AA appear responsible for the feeding-induced stimulation of liver protein synthesis (96) . Indeed, AA given orally (105, 106) or parenterally (66) increase hepatic constitutive and export protein synthesis during neonatal life in single-stomached animals. This stimulation of hepatic protein synthesis by AA appears blunted with age (66) , at least for constitutive proteins (91, 107) . Measurement of overall protein degradation at the hepatic level in vivo is complex and such data are scarce. However, many studies have focused on regulation of the various pathways of degradation of proteins within the liver. Among them, studies on hepatocytes, perfused livers or on hepatic tissue of rats have shown that insulin (and glucagon) and several AA are capable of regulating the autophagy system via intracellular signalling pathways including the mammalian target of rapamycin (mTOR) pathway (108, 109) . Activation of autophagy is considered to be the major regulator of the rapid loss of hepatic mass during starvation (108) . Consequently, the liver seems to match or adjust to dietary supply and metabolic demand in two ways. In situations of supply above the requirements, albumin synthesis is clearly responsive to dietary AA supply, as shown in single-stomached animals (61, 99) and ruminants (39) and increased catabolism of AA is also observed, suggesting that total protein turnover is responsive to dietary AA supply. Both mechanisms concur to prevent the occurrence of hyperaminoacidaemia which can be deleterious in a chronic state (for example, phenylketonuria (110) or hypermethionaemia (111) ). In a situation when dietary protein supply is reduced, hepatic protein synthesis (albumin) is maintained (for example, Kraft et al. (112) ) and oxidation decreased. These proteins may then be recycled into the free AA pool and utilised, thus sparing dietary AA from general catabolism and preserving them for use at a later time in peripheral tissues, such as the muscle (37, 113) . Albumin should then be considered a temporary storage form of AA which protects them from oxidation; a view which was proposed by Volpi et al. (99) and others (64, 114) . Although AA from albumin do not seem to be necessary to directly support mammary gland metabolism and milk protein production in lactating cows when moderately restricted in metabolisable protein (3, 30) , they may represent a complementary supply of AA for other tissues, thus, enabling free AA to be metabolised in the gland. However, AA oxidation within the liver is also not constant, but is the first responder to alterations in dietary supply and peripheral demand. For example in lactating cows (30, 55) and growing sheep (31, 32) , when dietary AA supply is decreased slightly, oxidation rate within the liver is primarily decreased while protein synthesis is preserved. Research from our group showed that growing lambs that were fed a diet with 23 % less N than controls had 42 % lower urinary N excretion, indicating that they used dietary protein more efficiently (112) . When liver slices from these lambs were incubated in minimum medium (without hormones, but with physiological concentrations of nutrients), protein synthesis was greater in liver slices from lambs fed a N-deficient diet (Figs 2  and 3 ). This enhanced rate of protein synthesis in ex vivo liver slices from N-deficient lambs indicates hepatic adaptation to lower dietary AA supply by increased protein synthesis sensitivity to AA.
Gluconeogenesis
Another anabolic fate of AA within the liver is utilisation of their carbon skeleton for de novo glucose synthesis. Net hepatic glucose release is the consequence of the activity of two metabolic pathways: glycogen breakdown (glycogenolysis) and de novo synthesis of glucose (gluconeogenesis) (115) . In addition, de novo synthesis of glucose can be derived from other precursors, such as lactate and glycerol for single-stomached animals, and also propionate, lactate and glycerol in ruminants and hindgut fermenting single-stomached animals.
Technical issues
Measurement of whole-body gluconeogenesis (including all sources of endogenous glucose production and peripheral blood sampling) and liver (measurement made at the liver) has been done using various methodologies (116, 117) . It has been particularly studied in species whose plasma (112) . 
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glucose is highly dependent on this process (i.e. ruminants and carnivores). Briefly, gluconeogenesis has been estimated at the hepatic level in many species in vivo using the hepatic arterio-venous difference technique. This technique does not allow the estimation of gluconeogenesis per se, but measurement of net hepatic glucose release, and the potential contribution of various precursors for glucose synthesis in several nutritional or physiological states can be calculated (in human subjects (118, 119) and in ruminants (120 -124) ). Given that each precursor can participate in other metabolic pathways, this would lead to an overestimation of their actual contribution to gluconeogenesis. Later, tracers were utilised to estimate gluconeogenesis. Addition of 14 C-or 13 C-labelled gluconeogenic substrates or glucose in vivo, or to the incubation medium of hepatic cells has been used to measure directly glucose turnover and gluconeogenesis from different substrates (125, 128) . Alternatively, Landau et al. C]glucose and mass isotopomer distribution analysis were also used to estimate total gluconeogenesis and relative contribution of precursors in vivo, especially in humans (Reeds et al. (130) reviewed by Bequette et al. (131) ). All these methodologies are subject to limitations (for reviews, see Wahren & Ekberg (116) ; Nuttall et al. (117) ; Reeds et al. (130) ) and are a matter of debate due to the difficulty in measuring accurately labelling of the true gluconeogenic precursors and exchange of labelled carbons within intermediary metabolism (i.e. primarily the Krebs cycle). To place results of in vivo studies in context with established metabolic pathways, key limiting gluconeogenic enzymes phosphoenolpyruvate carboxykinase (PEPCK), glucose-6-phosphatase (G6Pase), fructose 1-, 6-biphosphatase and pyruvate carboxylase (PC) have also been examined (115, 132, 133) . Expression (i.e. mRNA) and activity of these enzymes are good indicators of gluconeogenic activity (132) . In addition, specific alteration of mRNA abundance for PC (which is involved in utilisation of Ala and lactate in gluconeogenesis) relative to those for PEPCK (which is not related to utilisation of a specific precursor in gluconeogenesis) can give information on priority of precursors utilised for gluconeogenesis (132) . Lastly, although the present review is focused on the liver, contribution by the kidney to gluconeogenesis is quantitatively significant and merits mention (134 -136) . In studies using artero-venous difference, the proportion of whole body glucose produced by the kidney in ruminants has been shown to be relatively small (8 -10 %) (134, 135) and even lower (,5 %) in two other studies (137) . These data question the potential significant role of the kidney in glucose production, particularly in a steady state and at a level of intake above requirements (as observed in two of the studies above). Higher values were observed in rats injected with [
14 C]glucose where the renal contribution to systemic glucose release was 20 -25 % (136, 138) . In human subjects, these values are even higher in the postprandial period with contribution by the kidney to endogenous glucose release of 60 % (139) . It should also be noted that in terms of gluconeogenic precursors, de novo synthesis and export of Gln and Ala from skeletal muscle make up the largest proportion of AA gluconeogenic precursors. Stumvoll et al. (136) contend that only Gln represents a 'new' source of carbon for gluconeogenesis, where Ala is derived from transamination of pyruvate resulting from glycolysis. Furthermore, the site of gluconeogenesis from Ala and Gln differs, where Gln is used predominately by the kidney, while Ala is used by the liver (136, 139, 140) . However, the contribution of the kidney to whole-body glucose flux may depend on the amount of AA and other precursors presented to the liver. In rats fed high-protein diets, Azzout-Marniche et al.
(48) found high rates of hepatic gluconeogenesis, but based on patterns of expression of PEPCK and glucose-6-phosphatase (G6Pase) catalytic subunit in the kidney, they concluded that the kidney contributed little or not at all to whole-body glucose flux under their conditions. Lastly, the small intestine was also suspected, in some studies, to be involved in gluconeogenesis (shown in rodents by direct measurement of intestinal glucose fluxes and PEPCK and PC gene expression) (141) , but its contribution to whole-body glucose production has been shown as minor (less than 10-20 %) (141, 142) . The involvement of the intestine in glucose production remains a matter of debate in the literature as it has not been demonstrated by all authors, as summarised by Previs et al. (143) .
Hepatic gluconeogenesis as a means for interorgan nutrient exchange
Similarly to increased hepatic protein synthesis in response to increased portal AA concentration as a means to conserve dietary protein, there is growing evidence to suggest that gluconeogenesis can be a means to conserve energy from dietary AA. Jungas et al. (13) point out that for a human on a 15 % protein diet, postprandial oxidation of dietary AA in the liver alone would produce more ATP than the liver could utilise. To avoid energy loss, AA are only partially oxidised and converted to glucose in the liver. Energy needed for gluconeogenesis balances that released from the partial oxidation of AA. This has other advantages to the animal in that converting AA to glucose (or oxaloacetate) in only the liver (and kidney) allows peripheral tissues to utilise energy available from proteins without requiring those tissues to support both catabolism of all the different AA as well as a mechanism to return N to other tissues. Two lines of experimental evidence support the contention that large amounts of the dietary AA extracted by the liver are directed to gluconeogenesis. Citing work by Azzout-Marniche et al.
(48) discussed in the previous paragraph, high postprandial levels of hepatic gluconeogenesis and glycogenesis were indeed observed in rats fed a high-protein diet. In addition, Reeds et al. (144) citing both their own isotopic studies in growing piglets along with those in rats (145) and mice, suggest that intrahepatic pyruvate recycling (i.e. gluconeogenesis) is much more active than hepatic glucose balance would indicate. Isotopomer analysis of [U- 13 C]glucose data in piglets suggest that whole-body gluconeogenesis accounts for 30 % of total glucose flux and could represent 83 % of estimated AA oxidation 13 . Similar data using [U- 13 C]propionate in rats (145) and [U- 13 C]glucose in mice (146) indicate that in the fed state, hepatic pyruvate/oxaloacetate cycling is as active as hepatic Krebs cycle activity and that in the liver more than 50 % of pyruvate is recycled via glucose.
Sources of circulating glucose
Whereas net AA uptake and protein metabolism within the liver present similarities between species, this is not at all the case for gluconeogenesis. Indeed, in most singlestomached animals, glucose can derive from exogenous (i.e. dietary) origin (116) and the liver plays an important role in uptake of glucose released by the digestive tract postprandially. In the case of single-stomached animals, the role of the liver is essential to maintain glycaemia postprandially by a tight regulation of net hepatic glucose uptake (in dogs, net hepatic glucose uptake represents 25 -40 % of the administered glucose, as summarised by Moore et al. (147) ). In contrast, in ruminants (and to a lesser extent, hindgut fermenters such as the horse) and carnivores, essentially all circulating glucose needs to be synthesised de novo from other nutrients or metabolites, such as propionate, AA, lactate and glycerol for ruminants, and AA and glycerol for carnivores. Consequently, postprandial gluconeogenesis is of relatively less importance in single-stomached animals compared with ruminants and carnivores; however, it becomes substantial in the post-absorptive state and early fasting (i.e. when glycogen stores are decreased substantially). For instance, whole-body gluconeogenesis makes up about 50 % of glucose turnover after an overnight fast in healthy human subjects (148) . Ruminants. In ruminants, 85 % of circulating glucose is synthesised de novo in the liver (149) and direct glucose absorption from the gut is limited to diets rich in starch where ruminal capacity for starch degradation is exceeded (150) . Propionate is the major precursor for glucose synthesis in ruminants (for a review, see Bergman (151) ), in vitro (125, 126) and in vivo (152) , contributing up to 70 % of glucose synthesis. Preferential uptake of propionate by hepatocytes is assured by a high affinity of hepatocytes for propionate compared with the other gluconeogenic precursors (126) . Regulation of gluconeogenesis is also different between single-stomached animals and other species (see exception for carnivores below). Gluconeogenesis is maximum in the fed state in ruminants because it mainly depends on the dietary supply of glucogenic precursors (propionate and AA) (125 -127) , and, hence, decreases with fasting (153) . In ruminants, even if propionate is the main glucose precursor, its contribution to gluconeogenesis decreases dramatically during feed restriction, whereas the contribution of other gluconeogenic precursors (AA in particular from proteolysis) increases (154) . However, the exact regulatory role of propionate on its utilisation for gluconeogenesis is not clear since Majdoub et al. (124) showed that propionate infusion in ruminating lambs failed to increase glucose production by the liver. Modification of mRNA levels of PEPCK and PC involved in gluconeogenesis during restricted v. ad libitum intake showed adaptation of these enzyme expressions to the profile of glucose precursors (132) . Increased utilisation of gluconeogenic precursors other than propionate, such as AA, also occurs during lactation where propionate supply is not sufficient to meet glucose requirements alone (125, 155) . This is confirmed by increased glucose flux and milk protein secretion in lactating cows infused abomasally with casein (156) and by increased net hepatic glucose flux when AA are infused in the mesenteric vein in cattle (35) . Similarly, when glucose demand is experimentally increased such as after phlorizin treatment (that blocks glucose transport, inducing glucose loss in urine) during lactation, overall hepatic glucose production and gluconeogenesis increase (128, 152) and AA potentially increase in importance as precursors for glucose production (128) . In contrast, when metabolism is strongly partitioned towards protein anabolism such as after growth hormone infusion in lactating cows, increased milk production and gluconeogenesis (157) do not result in increased utilisation of AA for energy (and lactose production) because they are consequentially spared for protein synthesis (158, 159) . In ruminants, this vitally important plasticity in gluconeogenic precursors (i.e. propionate v. others) depends on supply and demand of nutrients and can explain why the contribution of AA to gluconeogenesis is highly variable (2 -40 %; Danfaer et al. (127) ). Insulin is involved in net hepatic glucose uptake in ruminants (127) and may regulate hepatic gluconeogenesis in preruminant calves (160, 161) and sheep (from lactate, glycerol and AA (162, 163) ). Indeed, intramesenteric vein infusion of insulin in fed or fasted sheep led to a 70 % reduction of net hepatic glucose uptake associated with a reduction in the contribution of glucose precursor uptake by 30-50 %, except for propionate (162) . Glucagon is involved in glucose homeostasis in ruminants (127) , but the role of these two hormones seems minor relative to single-stomached and preruminant animals. Indeed, in vitro, Donkin & Armentano (161) showed that gluconeogenesis in hepatocytes from preruminant calves was responsive to insulin and glucagon, whereas sensitivity to glucagon and insulin was dramatically decreased or even ablated in ruminating animals.
Mammalian carnivores. Carnivores present a unique situation in that they have evolved on diets high in animal tissues and, thus, high in protein, moderate in fat, and low in carbohydrates. The order Carnivora itself consists of many different species consuming just as varied diets. The terrestrial branch ranges from the giant panda, which is a herbivore, to Canids (dogs), Ursids (bears) and Procyonids (racoons), which are omnivorous, to the Felids (cats) and Mustelids (weasels), which are carnivores. When 'carnivore' is used in the nutritional sense, it is as a 'true' or 'obligate' carnivore that is defined as those animals that evolved on diets high in animal tissue such that their metabolism has developed so their diets must be obtained from animal sources, higher in protein than plants, or else be supplemented with the nutrients they cannot convert from plant sources. For example, the domestic cat (Felis catus) has dietary requirements for taurine, vitamin A, niacin and arachidonic acid (164, 165) . In addition, an animal that receives little dietary carbohydrate will intuitively have to depend on gluconeogenesis to meet the metabolic requirement for glucose.
True carnivores have a higher requirement for N than omnivores. Presumably the high requirement for NEAA in obligate carnivores would ensure an adequate supply of gluconeogenic precursors in an animal with little if any dietary source of glucose, but with a high metabolic demand for glucose (47) . The observation that house cats (the only domesticated carnivore) seem to lack the ability to regulate activity of AA-catabolic and urea-cycle enzymes and, thus, have a high obligate loss of NEAA via these pathways (166) suggests that they are 'hard-wired' for a high flow of NEAA through these pathways to ensure that they maintain adequate circulating glucose. This is not to say that there is no regulation; indeed, AA oxidation and urea formation are greatly reduced in cats fed 15 v. 45 and 65 % of metabolisable energy as crude proteins (167) . This implies a 'substrate regulation' controlled by the amount of NEAA entering the system. This is perfectly suited to and advantageous for animals that normally eat diets very high in protein and are required to process the resulting substantial generation of ammonia without timeconsuming up-regulation by synthesis of enzymes. Indeed, dedication of AA to glucose supply is also suggested by very high levels of hepatic gluconeogenic enzyme activity in the cat (166) and American mink (Mustela vison (168) ). The regulation of total gluconeogenesis in carnivores may be complicated by differential effects of dietary protein intake depending on which glucose precursor is utilised. Sylva & Mercer (169) measuring glucose output from hepatocytes isolated from cats fed either a 17·5 or 70 % crude protein diet found rates of gluconeogenesis from pyruvate, Ala and Thr did not differ, although cells from high-protein-fed cats converted Gln faster than those fed a lower-protein diet (169) . A recent review by Eisert (47) convincingly proposed that high protein requirements in carnivores are the result of constitutively high rates of gluconeogenesis necessary because of very low dietary carbohydrate intake. This is necessary due to the relatively large energy requirements of the mammalian brain and endogenous glucose demand of carnivores. Preliminary reports from our laboratory indicated that this constitutive gluconeogenesis was maintained even when dietary starch (170) or intravenous glucose (171) was supplied to cats, as there was no or very little decrease in urea production when starch was fed or glucose infused to cats fed slightly below their requirement for protein. This shows that even at marginal levels of dietary protein, AA are still partitioned to gluconeogenesis. In other words, carnivores are 'hard-wired' to use AA to make glucose, and this cannot be over-ridden even when glucose itself is supplied.
Despite that, little direct research has been performed on carnivores; however, a few studies suggest that gluconeogenesis in carnivores is at least nominally regulated similarly to ruminants based on their lack of dietary carbohydrate to supply glucose requirements (164) . Maximal rates of gluconeogenesis in carnivores occur in the postprandial phase to coincide with AA absorption. In ruminants also, maximal gluconeogenesis occurs after a meal, and like the carnivore is continually operating.
Having gluconeogenic pathways permanently 'on', coupled with the carnivore's seeming inability to regulate aminotransferase activity, enables them to maintain blood glucose levels during starvation much better than omnivores. Kettlehut et al. (172) found that cats (along with rats fed a high-protein diet) had lower circulating glucose concentrations and lower hepatic glycogen stores than those fed a high-carbohydrate diet, but both hepatic glycogen stores and blood glucose concentrations were little altered by fasting in animals fed a high-protein diet. The rate of gluconeogenesis (as measured in vitro by synthesis of glucose from [ 14 C]Ala in liver slices) did not differ between cats fed a high-protein diet and those fasted for 72 h (47) . Likewise, American mink fasted for up to 7 d remained normoglycaemic (173) . What may be occurring in carnivores, and again hypothesised by Eisert (47) , is that AA catabolism is driven by the animal's high metabolic requirement for glucose exacerbated by a diet normally very low in carbohydrates. In other words, gluconeogenesis may be a dominant metabolic fate of AA in carnivores and the high rates of AA catabolism, i.e. the high protein requirement, are due to the need for gluconeogenesis. Thus, rates of gluconeogenesis are dictating ureagenesis. That cats' requirement for non-specific amino N is elevated, but requirements for EAA are not (174) , supports this view. Another difference between mammalian carnivores and omnivores occurs in the pathway for gluconeogenesis from Ser. Inhibiting cytosolic PEPCK did not depress gluconeogenesis from Ser in cat hepatocytes, while it did in hepatocytes from rats (175) . This suggests that Ser is converted to glucose via a pathway that does not involve pyruvate and the enzyme Ser dehydratase (164) . Metabolic implications of this alternate pathway have yet to be elucidated.
Omnivorous mammals. In human subjects, gluconeogenesis remains fairly stable or is slightly stimulated by fasting (for extensive reviews, see Wahren & Ekberg (116) ; Nuttall et al. (117) ; Kaplan et al. (176) ). Of course the ratio of gluconeogenesis to glycogenolysis is increased markedly after fasting because of the depletion of glycogen stores within the liver. This remarkable stability of gluconeogenesis in single-stomached animals has been shown in situations when nutrient supply is altered (for a review, see Wahren & Ekberg (116) ) such as during 60 h fasting (177) where increased utilisation of AA and especially gluconeogenic AA has been observed (178) . When fasting is prolonged over several days, administration of gluconeogenic nutrients such as Ala results in hyperglycaemia, suggesting that gluconeogenic nutrient supply has become the limiting step for gluconeogenesis (116) . In the few studies where supply of gluconeogenic nutrients was increased, utilisation of gluconeogenic precursors increased without any (or only a small increase) in glucose release by the liver (for a review, see Nuttall et al. (117) ). This can be explained by either decreased utilisation of endogenous gluconeogenic precursors or a channelling of the glucose produced into glycogen. The latter possibility is more likely, at least in the case of a highprotein diet as shown by Azzout-Marniche et al. (48) , where AA excess was partially channelled towards gluconeogenesis followed by glycogenesis (as shown by up-regulation of PEPCK, down-regulation of glucose-6-phosphate and absence of glucose release into the medium of isolated rat hepatocytes). Linking the removal of excess AA with glycogen formation allows the liver to avoid both hyperaminoacidaemia and hyperglycaemia, while conserving AA carbon. The regulatory processes are still to be investigated (179) ; however, these phenomena do not seem connected with concentrations of hormones known to regulate glucose homeostasis or with glucose plasma concentration and, thus, suggest an autoregulatory process (180) . The role of hormones (insulin and particularly glucagon) in hepatic glucose uptake in non-carnivorous singlestomached mammals is not straightforward. Even if insulin seems necessary to allow the hepatic uptake of glucose in response to hyperglycaemia (Davidson (1981) cited by Wahren & Ekberg (116) ), hyperinsulinaemia is not effective in increasing net glucose uptake except at pharmacological levels (for a review, see Wahren & Ekberg (116) ). However, a direct action of insulin on gluconeogenic gene expression during refeeding in mice was demonstrated (181) . As a counter-regulatory hormone of insulin, glucagon is also key in glucose homeostasis (116, 182) . The effect of glucagon on gluconeogenesis is equivocal. Indeed, glucagon has been demonstrated to stimulate gluconeogenic enzymes in single-stomached animals (183 -185) , but not always (186) .
Underlying mechanisms regulating amino acid uptake by the liver
As shown above, regulation of AA uptake by the liver varies greatly depending on physiological and nutritional state. When requirements of peripheral tissues are met by nutrient supply, or liver protein metabolism is not specifically stimulated to produce specific proteins or peptides, such as acute-phase proteins or glutathione, fractional removal of AA remains fairly constant. The role of the liver is to maintain plasma AA concentrations within the physiological range to avoid hyper-or hypo-aminoacidaemia and adapt AA oxidation to supply directly in a 'mass action effect' manner (2, 187) . However, in some physiological situations, i.e. when AA availability is low due to increased requirements by peripheral tissues (lactation or rapid growth), low dietary AA supply (long-term food restriction/fasting), or when hepatic AA demand is elevated due to increased protein synthesis in sepsis or increased gluconeogenesis, the 'mass action effect' no longer adequately explains regulation of net AA utilisation, and these instances may involve more complex and less direct mechanisms of regulation.
When the liver responds to the supply Direct impact of regulatory factors on the liver. AA supply alone (or in association with anabolic hormones) can directly influence hepatocytes, particularly to regulate the oxidative fate of AA. As there is no specific storage for AA within the body (as there are for TAG in adipocytes and glycogen in the liver and muscle, proteins being also used for purposes other than storage), the greater amount of AA that are supplied, the more AA are oxidised to avoid plasma hyperaminoacidaemia. (188) This is the major component of the 'mass action effect' observed and concerns all AA except those that are poorly catabolised in the liver (i.e. BCAA and Lys).
In addition, interactions between AA and anabolic hormones (for example, insulin) have been demonstrated in the regulation of nutritional stimulation of hepatic protein synthesis in human subjects (7) and sheep (31, 32) . In these cases, all AA are involved not only as constituents of newly synthesised proteins, but also as regulatory components. Indeed, at the molecular level interaction between leucine and insulin has been shown through the induction of 4E-BP1 (4E-binding protein-1) and S6K1 (S6 kinase-1) phosphorylation in the essential steps for initiation of translation in protein synthesis (189) . Anthony et al. (190) have also shown that although leucine alone alters 4E-BP1 and S6K1 phosphorylation, it is not sufficient to stimulate hepatic protein synthesis. This suggests involvement of other regulatory components (for example, other AA, nutrients, or hormones). In addition, recent data in ruminants from our group have shown that decreasing the supply of AA to the liver while maintaining energy supply in the portal vein did not reduce overall export protein synthesis. However, when concentrations of insulin along with volatile fatty acids were reduced in the portal vein without a substantial decrease in AA supply, reduced hepatic export protein synthesis ensued (31, 32, 46, 112) . This is consistent with results from Freyse et al. (191) , where portal infusion of insulin in dogs stimulated export protein synthesis to a greater extent compared with systemic infusion, and corroborates data from Lapierre et al. (36) in beef steers where a better correlation between net AA hepatic uptake and portal concentrations of insulin and glucagon was obtained compared with arterial concentrations of the same hormones. Consequently, the AA:energy ratio (46, 112) , the quality of dietary AA (38) , and the associated concentrations of insulin and glucagon in the portal vein (192) are essential in the regulation of hepatic protein synthesis. Because the liver is an important site of catabolism of hormones such as insulin and glucagon (193) , significant alteration of portal hormone concentration can occur (for instance, in decreased insulin concentration following decreased dietary energy supply (46, 112) ) without alteration of peripheral concentrations. Consequently, the direct role of hormones on hepatic protein synthesis should be reassessed looking at their portal supply (and possibly their specific direct impact on peri-portal hepatocytes) instead of their systemic concentrations (124) .
Indirect regulatory mechanisms
In ruminants, net hepatic uptake correlates with net PDV release in AA and arterio-portal AA concentration difference (see Fig. 1 ). This means that when dietary nutrient supply is altered, the regulation of net hepatic AA uptake is partially under control of the difference in AA concentration between the hepatic artery and the portal vein. This difference represents what is supplied by the gut (AA concentration in the portal vein) and what is actually used by the other tissues and organs (AA concentration in artery). Any major difference will have an impact on net AA uptake by the liver and, hence, on plasma AA concentration and systemic delivery of AA. The challenge is to understand how the liver is able to 'integrate' hepatic uptake with systemic need. The mechanism may involve the presence of 'sensors' for arterio-venous difference in AA concentration, as previously detailed (17, 147) . With arterial nutrient concentrations being a consequence of metabolic activity of all the tissues and organs of the body, arterio-portal difference would be a strategic means for the liver to integrate variations of supply and requirements by the whole body. This concept was first demonstrated by Adkins et al. (194) who showed that portal glucose delivery triggered net hepatic glucose uptake (similarly as after oral glucose overload and even in presence of a basal level of insulin), whereas peripheral glucose delivery did not. This was confirmed later by the same group using a wide range of glucose loads and insulin levels (as summarised by Dardevet et al.
(17) and Moore et al. (147) ). A similar mechanism might also exist for AA, explaining why dietary AA in adult human subjects stimulate albumin synthesis, whereas there is no effect with systemic intravenous AA infusion (195) . This difference in response of liver protein synthesis to enteral v. parenteral delivery of AA may be explained, as hypothesised previously, by the presence of a 'signal' induced by the difference between portal and arterial concentrations of AA to the liver that stimulates hepatic protein synthesis. Data from Dardevet et al. (196) in multicatheterised hyperinsulinaemic, hyperglucagonemic, hyperglycaemic and eu-or hyperaminoacidaemic clamped dogs clearly showed that constitutive and export (albumin) protein synthesis increased only in presence of a negative arterio-portal difference, but not when hepatic AA load was increased without an arterioportal difference (Fig. 4) . This fits entirely with data from sheep where net hepatic AA uptake was more responsive to net PDV release (which takes into account arterioportal difference), than to AA flow to the liver (which only takes into account portal concentration and blood flow) (Fig. 4) . Although experimental evidence of the existence of the 'portal signal' has been supported by several groups (summarised by Dardevet et al.
(17) and Moore et al. (147) ), particularly regarding the impact of glucose portal load on net hepatic glucose uptake, the nature of the sensors and the mediator(s) of the signals generated from the hepato-portal region to the target tissues remains partially unclear. The central nervous system plays a major role in the regulation of hepatic glucose homeostasis as hepatic denervation blunts the impact of portal glucose load on net hepatic glucose uptake (197) . Both the brain (in particular the hypothalamus) and hepato-portal region are, hence, involved in the glucose-sensing process (198, 199) . Basically, the hypothesis is that information sensed at the hepato-portal region is transmitted to the brain via, presumably, spinal nerves (200) and the regulatory signals generated by the brain (via the vagal nerve (201) , adenergic or nitrinergic nerves (see Moore et al. (147) ), or regulatory molecules) are then sent back to the target tissues (liver primarily, but also peripheral tissues such as muscle, adipose tissue, etc.) (199, 201) . Such a mechanism involving a signal sent from the hepatic area to the brain and then back to various tissues and organs explains why alterations in portal nutrient differences can make an impact on the metabolism of tissues other than the liver. Indeed, the portal glucose load is associated with both an increased net hepatic glucose uptake and decreased glucose utilisation by peripheral tissues (such as muscle) (202) . Hence, this portal signal makes an impact on glucose distribution and partitioning among tissues and organs. Limited data are available to indicate if a parallel regulatory system as described above for glucose exists to sense AA supply and demand; however, AA 'sensors' have been demonstrated in the hepato-portal region (203) . The underlying Regulation of amino acids within the liverregulatory cascade, however, induced by this AA portal signal, and ultimately leading to glucose or AA uptake/ release by tissues, is less straightforward since the vagal nerve is inhibited or excited depending on the AA (204) .
What potential regulatory mechanisms could be involved when the liver does not respond to supply?
The correlation between net AA PDV release and net AA hepatic uptake ( Table 1 ) shows clearly that in some physiological situations, AA uptake responds in a 'mass action effect' with supply. This implies that the two mechanisms cited above (whether acting directly or not) cannot explain how the liver adapts its AA uptake to requirements by peripheral tissues when hepatic or peripheral demand is elevated relative to supply. This happens when two situations arise: (1) when the liver exerts priority relative to other body tissues; (2) when requirements of the peripheral tissues are elevated.
When the liver exerts priority relative to other body tissues. This covers situations when hepatic requirements for AA are important relative to AA supply. One example is when AA supply to the liver is very low due to very low intake and high net hepatic removal of AA relative to net portal appearance is observed (.100 %; see Table 1 ). Recent data from our group (Figs 2 and 3 ) suggested that at low intake, overall hepatic AA catabolism decreases whilst sensitivity of the liver to AA and/or insulin for protein synthesis increases. Such a mechanism would favour the conservation of protein synthesis necessary to preserve tissue integrity.
Another situation concerns physiological states such as sepsis or inflammation when synthesis of specific proteins within the liver increases (51) . In the latter state, acute-phase proteins, synthesised predominantly in the liver, are principal components in the overall whole-body response (205) and explain the high net hepatic AA uptake relative to net PDV release. The impetus to synthesise acute-phase proteins during inflammation is driven by various cytokines (among them TNF-a and IL-6) and transcription factors (206) known to regulate acute-phase protein genes (207) . These cytokines and transcription factors may take precedence over or integrate with signals detailed previously. Furthermore, these cytokines and related signals are known to make an impact on insulin sensitivity and, consequently, the regulation of protein metabolism in various sites over the whole body (208, 209) . When requirements of the peripheral tissues are elevated. For example, during rapid growth, lactation, or fetal development, net hepatic AA uptake is reduced relative to net PDV release (Table 1) . Lapierre et al. (39) hypothesised that the eminent requirement of AA for milk protein synthesis during lactation induces a significant and rapid uptake of AA by the mammary gland and leaves the liver as a secondary user and eventual cataboliser of the remaining 'unused' AA. In this case, anabolic signals target primarily the highly active and AA-demanding mammary gland, whilst hepatic AA uptake is down-regulated to (196) .
ensure supply to the gland. Whether or not net hepatic AA uptake is affected more strongly by physiological state or AA supply (for example, low v. rapid growth, or dry v. lactating cows) is complex to investigate, as alteration of the physiological state is generally associated with modification in the quantity or nature of the food ingested.
Regulation of gluconeogenesis
As shown previously, hormones (such as insulin or glucagon), even if permissive, are probably not potent regulators of hepatic gluconeogenesis from AA in single-stomached animals and ruminants (182) . Indeed, although insulin has been demonstrated to suppress expression of genes associated with gluconeogenesis (PEPCK, for instance; as summarised by Nuttall et al. (117) and more recently Kowalski & Bruce (210) ), the role of insulin on endogenous glucose production measured in vivo (within physiological insulin levels) was attributed more to the inhibition of glycogenolysis. The supply of gluconeogenic precursors to the liver (or more importantly, the relative importance of gluconeogenic metabolites supplied to the liver) but also the requirement for glucose by peripheral tissues are probably the main regulatory factors. It is clear, however, that although gluconeogenesis remains stable in various nutritional/ physiological states, AA substrates used for gluconeogenesis vary. Availability of gluconeogenic precursors other than AA is consequently essential to preserve AA for protein synthesis in the liver and other tissues.
In addition to the direct effect of nutrient supply on hepatic gluconeogenesis, indirect regulation, similar to that hypothesised for hepatic protein synthesis, via generation of a 'portal signal' in response to hepatic arterio-venous glucose difference can be proposed. Indeed, data from DeFronzo et al. (211) have shown that after oral glucose supply, net splanchnic glucose uptake increased to a much greater extent than after intravenous glucose infusion, despite unchanged peripheral plasma glucose and insulin concentrations. This can be explained by the presence of a negative arterio-portal glucose concentration (for a review, see Dardevet et al. (17) ). Glucose uptake is also responsive to arterio-venous AA difference and can be suppressed by the portal infusion of gluconeogenic AA (212, 213) . In addition, portal infusion of these gluconeogenic AA also stimulated alanine and glutamine uptake, hence, providing further substrate for gluconeogenesis (212, 213) . In the particular glucose metabolism of ruminants and the different gluconeogenic precursors utilised, occurrence of such mechanisms remains to be investigated. Similarly, how this portal signal (via relays at neural and other tissues) makes an impact on gluconeogenesis specifically remains to be studied.
Conclusion
Because of its key role in critical metabolic functions, including AA oxidation, ammonia detoxification, urea formation, plasma protein synthesis and gluconeogenesis, the liver must integrate information from various tissues and organs to maintain homeostasis throughout the body. The direct impact of nutrient supply or a 'portal signal' indicating energy status (for example, glucose in singlestomached animals and propionate and glucose in ruminants) and AA availability can explain much of the net hepatic uptake of AA and glucose, as well as the regulation of protein synthesis and utilisation of precursors for gluconeogenesis in the liver. In this context, the importance of hormones such as insulin and glucagon, either as permissive or active regulatory factors, needs to be reassessed due to the lack of information concerning their actual concentration in the portal vein in various nutritional situations.
However, the direct effect of nutrients (AA and energy substrates mainly) and hormones (insulin, glucagon), or the presence of a 'portal signal', are not sufficient to explain alterations in net AA uptake and protein metabolism within the liver in certain physiological situations (for example, fasting, lactation, rapid growth) or pathological circumstances (sepsis) varying far from N and energy equilibrium. In those cases, elucidation of the complex and integrated regulation requires further investigation at both systemic and tissue levels to explain the homeostatic and homeorhetic adaptations observed in vivo.
vivo experiments using a model of isolated perfused liver. 
